Abstract: Mass spectrometry has already become an indispensable tool in the analytical armamentarium of the biopharmaceutical industry, although its current uses are limited to characterization of covalent structure of recombinant protein drugs. However, the scope of applications of mass spectrometry-based methods is beginning to expand to include characterization of the higher order structure and dynamics of biopharmaceutical products, a development which is catalyzed by the recent progress in mass spectrometry-based methods to study higher order protein structure. The two particularly promising methods that are likely to have the most significant and lasting impact in many areas of biopharmaceutical analysis, direct ESI MS and hydrogen/deuterium exchange, are focus of this article.
INTRODUCTION
Biopharmaceutical products, the majority of which are recombinant proteins or protein-polymer conjugates, remain the most dynamic sector of the pharmaceutical industry with ten new protein therapeutics approved in 2010 alone. Many protein-based drugs have already become standard treatments for a variety of diseases ranging from pathologies affecting large population groups, such as diabetes (e.g., insulin and glucagon-based products) and multiple sclerosis (e.g., interferon ), to rare genetic disorders, such as Gaucher's disease (glucocerebrosidase) [1] . At the same time, protein therapeutics emerging from the biotech pipeline provide new hope to doctors and patients even in the case of illnesses that were deemed incurable only a decade ago, e.g. targeted treatment of various types of cancer with therapies based on recombinant antibody technology. However, the spectacular success of these innovative medicines also focuses the attention of all stakeholders on the unique challenges related to the analytical characterization of protein drugs, which is of paramount importance not only for the quality control, but also for various stages of discovery and development. Indeed, the large size of protein therapeutics (from several kDa to nearly 1 MDa, well beyond the molecular weight range of classical medicinessmall molecule drugs) leads to an important distinction between the small molecule drugs (where the covalent structure alone is the sole determinant of the three-dimensional structure and, ultimately, the therapeutic properties of the drug) and the protein pharmaceuticals (where the large physical size makes the multitude of non-covalent contacts not only *Address correspondence to this author at the Department of Chemistry, University of Massachusetts-Amherst, 710 North Pleasant Street, LGRT 104, Amherst, MA 01003, USA; Tel: (413) 545-1460; Fax: (413) 545-4490; E-mail: Kaltashov@chem.umass.edu inevitable, but in fact the defining element of their threedimensional structure). Correct folding is vital not only for the ability of a protein to execute its biological function, but also for many other aspects of its behavior. Failure to fold or maintain the native conformation obviously has a negative impact on the efficacy of the protein drug, since the recognition of a range of physiological targets requires that the native conformation be maintained throughout the lifecycle of a protein molecule. Proteins that are not folded properly are prone to aggregation both in vitro and in vivo, and are targeted by proteases both inside and outside the cell, which obviously impacts bioavailability of the protein drug. Furthermore, misfolding and aggregation may trigger an immune response, thereby adversely affecting the safety profile of the protein drug. Critical dependence of the protein drug potency, stability and safety on conformation makes its characterization an essential element throughout the drug development process from design to manufacturing to postapproval monitoring.
Although protein conformation and dynamics can be probed at the greatest level of resolution by X-ray crystallography and high-resolution NMR, inherent limitations of these techniques often makes it very difficult to carry out the analyses of biopharmaceutical products under relevant production/storage conditions (e.g., protein drug substance, product or dosing solution) or physiological conditions (e.g., mimicking the environment encountered by the protein postadministration). It is not therefore surprising that routine analyses of conformation and stability of protein drugs still rely on classical biophysical methods, such as optical spectroscopy (circular dichroism, fluorescence, UV-absorption and FTIR spectroscopy), light scattering, calorimetry, as well as analytical centrifugation and size exclusion chromatography [2] . While these techniques are capable of probing conformational properties of protein drugs in relevant environments, they are typically focused on one particular aspect of higher order structure (e.g., cumulative content of secondary structure produced, exposure of aromatic residues to solvent, etc.) and fail to characterize protein conformation in sufficient detail.
Mass spectrometry (MS) allows biopolymer structures to be characterized at a variety of levels, including conformation, dynamics and interaction with physiological partners [3] , although most applications of MS in the biopharmaceutical industry are still focused almost exclusively on characterizing the covalent structure [4, 5] . Since in many cases there is no clear correlation between the occurrence of nonenzymatic post-translational modifications (PTMs) and protein misfolding, focusing characterization of a biopharmaceutical product exclusively on PTMs may generate both false-positive and false-negative outcomes vis-a-vis conformational integrity of therapeutic proteins. Furthermore, structural complexity and heterogeneity exhibited by the majority of protein drugs makes precise mapping of all PTMs in those cases a truly gargantuan task. Therefore, introducing MS techniques that focus on detection and characterization of changes in the higher order structure and dynamics of protein drugs without the need for exhaustive cataloging of all PTMs will be a boon for analytical characterization of biopharmaceutical products.
To date, an impressive experimental arsenal of MS-based techniques targeting non-covalent structure has been amassed, many of which proved highly successful in dealing with a variety of problems in biophysics and structural biology ( Table 1) . While some techniques listed in Table 1 are not well suited for the specific needs of biopharmaceutical analysis for a variety of reasons (e.g., intrinsically low yields in chemical cross-linking, etc.), several other have been used successfully in the past several years to look at various properties of protein therapeutics. These are hydrogen/deuterium exchange (HDX) with MS detection [6] and a suite of methods involving direct ESI MS analysis of biopolymers and their complexes in solution [7] [8] [9] . The great potential of HDX MS in the field of biopharmaceutical analysis has been already recognized [10] [11] [12] , and the utility of complementary methods relying on direct ESI MS measurements is also beginning to be appreciated [13] . This paper provides an overview of both techniques and discusses current trends as related to the analytical characterization of biopharmaceutical products.
DIRECT ESI MS MEASUREMENT OF PROTEINS IN SOLUTION: CHARGE STATE DISTRIBUTIONS
Multiple charging is a phenomenon that is inherent to the electrospray ionization (ESI) of all macromolecules, including biopolymers, and it was not long after the introduction of ESI as an ionization technique in biological MS that observations were made linking dramatic changes of charge state distributions of protein ions to protein denaturation [14, 15] . These observations brought about appreciation of the tremendous potential of ESI MS as a means of probing protein higher order structure and detecting large-scale conformational transitions in solution. Natively folded proteins undergo ESI to produce ions carrying a relatively small number of charges, because the compact shape of tightly folded polypeptide chains in solution does not allow the accommodation of a significant number of protons on their surface upon transition from solution to the gas phase [7] . For this reason, ion peaks in ESI mass spectra of proteins in aqueous solutions at neutral pH typically dominate the high m/z regions of the mass spectra and are almost always characterized by having narrow distribution of charge states (Fig. 1A) .
Unlike folded proteins, conformers lacking native structure (i.e., those that are either partially or fully unfolded in solution as a result of denaturation) give rise to ions carrying a significantly larger number of charges and their chargestate distributions are significantly broader. This is due to the fact that once a protein molecule loses its compactness upon unfolding, a significantly larger number of charges can be accommodated on its surface. Native and non-native protein states often coexist at equilibrium under mildly denaturing conditions. In such situations protein ion charge state distributions become bimodal, reflecting the presence of both native and denatured states (Fig. 1B) , and more complete unfolding typically results in disappearance of the low-charge density part of the charge state distribution (Fig. 1C) . Therefore, dramatic changes of protein charge-state distributions can be used as gauges of large-scale conformational changes in processes ranging from protein folding [16, 17] to small ligand binding [18, 19] to multi-unit protein assembly [20, 21] and interaction with other biopolymers [22] . Incorporation of chemometric tools expands the capabilities of this technique further by allowing the individual conformers to be detected and monitored across a range of conditions [23, 24] . The extent of multiple charging can also be used to estimate the physical size of proteins in solution [25] .
Although the simplicity of practical implementation of this technique and the ease of data analysis make it very appealing as a tool to monitor protein behavior in solution, its acceptance within the biopharmaceutical industry was somewhat limited until recently due to the need to carry out all measurements in the so-called "ESI-friendly" solvent systems. Indeed, the presence of non-volatile electrolytes (which are present in all biopharmaceutical formulations) has a detrimental effect on the quality of ESI MS data even at relatively low concentrations. As a result, sample preparation for direct ESI MS measurements almost always contains an obligatory solvent exchange step. During this step the protein is transferred to a volatile electrolyte solution (typically ammonium acetate or ammonium bicarbonate) at desired ionic strength, which often raises concerns that the observed protein behavior may be at least partially attributed to the influence of the "foreign" environment, rather than the intrinsic features of the biopharmaceutical product itself.
However, there is growing evidence, at least in the case of stressed protein therapeutics, that detection of unfolding events by direct ESI MS is not affected by the solvent exchange step [10, 26] . An example is shown in Fig. (2) , where oxidation of a recombinant form of acid--glucocerebrosidase (GCase, a recombinant glycoprotein used for treatment of Gaucher's disease by enzyme replacement therapy [27] ) results in a noticeable change of the protein ion charge state distribution in ESI MS, revealing the presence of a less compact conformation in solution (represented by charge states +17 through +28).
DIRECT ESI MS MEASUREMENT OF PROTEINS IN SOLUTION: INTERACTIONS WITH PHYSIOLOGI-CAL PARTNERS AND THERAPEUTIC TARGETS
Preservation of physiologically relevant non-covalent interactions is another feature of ESI MS, which was noted soon after acceptance of this ionization technique in the arsenal of biological mass spectrometry [28, 29] . In the two decades passed since the publication of these initial reports, direct ESI MS has been used successfully to study interactions of proteins with a variety of physiological partners, ranging from metal ions [30] and small organic molecules [31] to other biopolymers, including large macromolecular assemblies in the MDa range [8, 32] . The tremendous promise of direct ESI MS as a tool facilitating the drug discovery process was also recognized [33] [34] [35] , although wider acceptance of this technique remained rather slow due to the fact that the drug-target binding must be studied in a volatile solvent system compatible with the ESI process (vide supra) and concerns over the possibility of non-specific binding [36] . Recently, the utility of direct ESI MS for characterizing interactions of protein drugs with their therapeutic targets was demonstrated using recombinant antibodies [37] . The ability of direct ESI MS to rank the affinities of various forms of recombinant proteins to their cognate receptors was also demonstrated using interferon [13] and transferrin [38] .
An example of using direct ESI MS for detection and characterization of interaction of a recombinant protein with its physiological partner is shown in Fig. (3) , where a recombinant form of human serum transferrin (Tf) is shown to bind specifically to transferrin receptor (TfR). Tf (an 80 kDa glycoprotein that transports iron) is one of the very few plasma proteins that can enter the cell in the process of re- ceptor-mediated endocytosis. It is a component of several anti-cancer therapies in various stages of development, where it is used for precise routing of protein drugs to malignant cells by exploiting their dramatically elevated levels of iron consumption [39] [40] [41] . Tf/TfR binding is an obligatory step for delivery of Tf and Tf-based therapeutics to malignant cells, and detailed information on Tf/TfR interaction at the molecular level is extremely important for the drug development process. As can be seen in Fig. (3) , formation of Tf/TfR complexes is readily detected by ESI MS; furthermore, this approach can be used to obtain receptor affinity ranking for various forms of Tf [38] .
HDX MS IN THE ANALYSIS OF CONFORMATION AND DYNAMICS OF RECOMBINANT PROTEINS AND RELATED BIOPHARMACEUTICAL PROD-UCTS
One of the shortcomings of analytical characterization of protein therapeutics using methods based on direct ESI MS discussed in the preceding sections is relatively low resolution. For example, while the protein conformational integrity can be monitored and the onset of structure loss can be confidently detected, little or no information is provided regarding the specific protein segments that become affected. Likewise, monitoring protein interaction with physiological partners and therapeutic targets using direct ESI MS rarely reveals the location of binding epitopes. These shortcomings (as well as the necessity to carry out all measurements in volatile salt systems compatible with ESI MS) are overcome by HDX MS, which already demonstrated its utility vis-à-vis conformational analysis of biopharmaceutical products [10] [11] [12] . This experimental technique is reliable, robust and sensitive, and is capable not only of detecting the presence of (partially) unfolded species in solution, but also localizing protein segments with anomalous protection levels. Furthermore, the ability of HDX MS to detect and characterize structurally compromised proteins on the background of the natively folded species in highly complex matrices makes it a very promising tool for conformational characterization of protein drugs and may open up new and exciting opportunities in discovery and formulation of biopharmaceutical products.
HDX provides information on conformational properties of proteins in solution by monitoring exchange of their labile hydrogen atoms with labile hydrogen atoms of solvent molecules. The labile hydrogen atoms in proteins comprise two distinct groups, namely those found on polar and ionic side chains and protein termini, and those attached to backbone amide nitrogen atoms. Absent any protection from solvent, the labile hydrogen atoms from each of the two groups will exchange with the solvent protons. The rate of this chemical reaction (termed intrinsic exchange rate, k int ) is determined by the identity of the exchanging proton (and, to a lesser extent, by the neighboring amino acid residues), as well as solution temperature and pH [42, 43] :
The base catalysis term is usually a more significant contributor, so that the minima of the k int vs. pH plots always Fig. (2) . Nano-ESI mass spectra (inset contains the deconvoluted spectra) of 6 M GCase (blue) and GCase-ox (red) solutions in 50mM ammonium acetate, pH 4.5. The gray trace shows a reference mass spectrum of GCase under denaturing conditions (50% acetonitrile, 5% acetic acid). Reproduced with permission from [26] . occur at pH < 7. However, the location of the minimum for any specific proton is determined by its identity: labile hydrogen atoms located in polar and ionic side chains and protein termini have the k int minima in the pH range 4-6, while the slowest intrinsic exchange for the backbone amide protons occurs in a more acidic range, pH 2.5-3 [44] . Adjusting the protein solution pH to this level and lowering its temperature result in a very slow exchange rate k int for the backbone amide hydrogen atoms (as low as 10 -4 s -1 at 0 o C), conditions that are frequently referred to as "quenching. "   Fig. (3) . Nano-ESI MS of TfR (gray trace) and Tf/TfR mixture (black trace) in 130 mM ammonium acetate/10 mM ammonium bicarbonate solution at pH 7.4. Protein concentrations (where appropriate): TfR, 4 μM, and Tf, 0.5 μM. Each TfR molecule has two Tf binding sites, hence the presence of both 1:1 and 2:1 complexes in the mass spectra (no signal corresponding to free Tf can be seen in the mass spectrum of Tf/TfR mixture, indicating that the binding goes to completion under these conditions).
While the exchange of labile hydrogen atoms in short unstructured polypeptides is determined by the their intrinsic exchange rates [43] , presence of higher order structure can alter the observed exchange rates in a very significant way. Protons that are involved in hydrogen bonding or sequestered from solvent in the protein interior will not be able to exchange with the solvent unless they become exposed to it through a local conformational fluctuation or a more global (complete or partial) protein unfolding event [42] . Although proton exchange with the solvent does not result in any changes that can be detected with mass spectrometry directly, substitution of H 2 O with D 2 O provides a straightforward means to monitor the progress of the exchange reactions. Indeed, each individual H/D exchange event will result in a mass increase of 1.01 Da, a difference that can be easily detected by MS even in the context of large proteins. Therefore, monitoring the mass change of an initially unlabeled protein placed in D 2 O-based solvent (or, conversely, a fully deuterated protein in H 2 O-based solvent system) allows the extent of hydrogen bonding network within the protein and its stability to be evaluated. This forms a basis of HDX MS, which is increasingly used to evaluate both higher order structure and dynamics of proteins and protein complexes.
In principle, HDX MS can provide information on solvent protection of all labile hydrogen atoms. In reality, however, polar and charged side chains are frequently exposed to the solvent, and exchange very fast, although there are rare examples of polar and charged side chains buried in the protein interior and, therefore, protected from exchange with the solvent. The labile hydrogen atoms from the second group (backbone amides) are typically better reporters of higher order structure due to their intimate involvement in Hbonding networks that maintain the integrity of secondary structural elements. Although the distinction between the contributions of hydrogen atoms from the two groups to overall HDX pattern cannot be made in a straightforward measurement of a protein mass shift following its exposure to the exchange solvent, the contribution of the side chains can be eliminated prior to the mass measurement. Indeed, the exchange of the backbone amide hydrogen atoms can be quenched, by bringing the solution pH to the 2.5-3.0 interval and lowering the temperature to 0-4 o C (vide supra). These acidic conditions also result in facile unfolding of most of the proteins, thereby exposing all labile hydrogen atoms to the solvent. While such exposure is relatively harmless to the backbone amide hydrogen atoms (due to the very slow rates of intrinsic exchange), the exchange of the protons from the first group (side chains and termini) would still proceed at relatively high rates. This means that the information on the protection of the backbone amides prior to quenching the exchange will be mostly retained, while the isotopic labels at the side chains will be quickly lost to the so-called backexchange, allowing the exchange patterns of the protein backbone to be probed selectively, without any contribution from the side chains.
Protein Properties Influencing HDX: Reflection of Protein Behavior in HDX MS
Interpretation of the results of HDX measurements is somewhat complicated by the fact that the exchange rate of each labile hydrogen atom involved in hydrogen bonding or sequestered from the solvent in the protein interior is not zero, but is determined by both conformation and dynamics. Indeed, even the most stable elements of protein higher order structure are not frozen entities. They still undergo conformational fluctuations, and may in fact unfold partially or completely in a transient fashion. Both frequencies and durations of such events vary, depending on the shape of the protein free energy landscape (energy differences between the ground and excited states and the potential energy barriers separating them). While transient loss of structure may expose one or several labile hydrogen atoms to the solvent, the extent of the exchange in each case (and, ultimately, the appearance and time evolution of the overall HDX MS pattern) will depend on how the time scale of the unfolding event (k cl ) compares to the chemical exchange time scale in the absence of any protection (k int ):
The detailed discussion of these issues lies outside of the scope of this chapter, but can be found elsewhere in the literature [45] . In brief, there are two extreme cases, i.e. the socalled EX1 (k cl << k int ), and EX2 (k cl >> k int ) exchange regimes. The latter case is usually more relevant under physiological conditions (the protein is relatively stable and the refolding rate leading to the protected state is much higher than the intrinsic exchange rate). The short residence time at the local free energy minimum (1/k cl ) corresponding to the "open" state is much shorter than the characteristic time of exchange of an unprotected labile hydrogen atom (1/k int ), leading to a very low (but finite) probability of exchange for a given hydrogen atom during a single unfolding event.
The overall rate of exchange is defined in this case by both the frequency of unfolding events (k op ) and the probability of exchange during a single opening event:
where K U is an effective equilibrium constant for the unfolding reaction and is determined by the free energy difference between the "closed" and "open" states of the protein. While in NMR measurements k HDX is simply a rate of depletion of a number of protein molecules labeled with 1 H at a specific amide, HDX MS measurements would regard this rate constant as a cumulative rate of exchange. In other words, k HDX is an ensemble-averaged rate of loss of the entire 1 H content (for all amides combined), when the isotopic distribution of a protein ion gradually shifts towards higher m/z [45, 46] . The EX1 exchange regime EX1 (k cl << k int ) is frequently observed when the protein is destabilized either externally (e.g., due to the presence of chaotropes in the solvent) or internally (e.g., due to a destabilizing mutation, chemical modification or removal of structure-stabilizing ligands). Under these conditions the protein becomes trapped in the unfolded (exchange-competent) state long enough to allow all labile hydrogen atoms to be exchanged during a single unfolding event, and the exchange rate is determined only by the unfolding rate:
Although the EX1 exchange regime is frequently associated with the so-called correlated exchange patterns (bimodal isotopic distributions in HDX MS experiments), one must be very careful in equating the EX1 regime and correlated exchange. While it is true that the bimodal isotopic distributions are observed when the exchange follows the EX1 regime, the opposite is not necessarily true. In fact, unfolding events exposing only one (or very few) labile hydrogen atoms to the solvent (e.g., local conformational fluctuations) may favor the EX1 exchange regime, particularly at elevated pH (when k int is very high). Nevertheless, no bimodal distribution would be observed in this case due to very modest deuterium incorporation resulting from each individual small-scale opening event.
Finally, in the intermediate exchange regime (when the values of k int and k cl are comparable) the residency time in the exchange-competent state is long enough to have one or more protons exchanged during each unfolding event, but too short to have the entire set of all labile hydrogen atoms exchanged at once. HDX MS measurements under these conditions produce very convoluted exchange patterns [45] . The isotopic distribution may exhibit a bimodal character, but the distance (or mass difference) between the two isotopic clusters will increase as the exchange progresses. In principle, values of both k op and k cl can be extracted from the HDX MS measurements carried out under such conditions, which are termed EXX (or intermediate) exchange regime [45] .
In larger proteins, presence of multiple non-native (partially unfolded states) may further complicate the analysis of HDX MS data [46, 47] .
Local Measurements with HDX MS
Local information on protein higher order structure and dynamics can be obtained by carrying out proteolysis under the slow exchange conditions prior to MS analysis. Pepsin, as well as few other acidic proteases, is active within the pH range 2.5-3.0, which makes it suitable for probing backbone amide protection following the quench of the exchange reactions [48, 49] . Since the amide hydrogen atoms continue to exchange under the slow exchange conditions, the local exchange details can be maintained only if the sample handling is relatively fast and is carried out at low solution temperature (typically < 4 o C). Following the quench of the exchange reactions, all sample handling steps (including proteolysis and LC/MS measurements) can be carried out on-line. A typical workflow of HDX MS measurements is shown in Fig. (4) .
The majority of recombinant therapeutic proteins structural have disulfide bonds, a structural feature that has a negative impact on the spatial resolution achievable in HDX MS measurements. Apart from limiting the efficiency of proteolysis, it also prevents physical separation of peptic fragments connected by the cysteine-cysteine bridges even if the enzymatic reaction is successful. Common disulfidereducing agents (such as dithiothreitol) are inactivated at acidic pH, and, therefore, cannot be used under the slow exchange conditions. The task of reducing disulfides under such conditions can be successfully carried out in many cases by another agent, tris(2-carboxyethyl)phosphine, dubbed TCEP, which retains its disulfide-reducing capacity at pH as low as 1.5 [50] .
Since all proteases used in HDX MS work are nonspecific, a priori prediction of the expected cleavage sites is impossible, and successful identification of proteolytic fragments becomes essential for meaningful interpretation of HDX MS data. Typically, this is not a big problem for smaller proteins, where most peptide fragments can be confidently identified by their unique masses. However, large protein size coupled with extensive glycosylation and/or the presence of multiple disulfide bonds that are not completely reduced prior to the digestion step may complicate the task of identifying proteolytic fragments. In fact, it is not uncommon to observe a proteolytic fragment whose mass would fit more than one putative isobaric peptides derived from the protein sequence. An example is shown in Fig. (5) , where a measured mass of one of the peptides produced Fig. (4) . Schematic representation of HDX MS work flow to examine protein stability. The exchange is initiated by placing the unlabeled protein into a D 2 O-based solvent system (e.g., by a rapid dilution). Unstructured and highly dynamic protein segments undergo fast exchange (blue and red colors represent protons and deutrons, respectively). Following the quench step (rapid solution acidification and temperature drop), the protein loses its native conformation, but the spatial distribution of backbone amide protons and deuterons across the backbone is preserved (all labile hydrogen atoms at side chains undergo fast back-exchange at this step). Rapid clean-up followed by MS measurement of the protein mass reports the total number of backbone amide hydrogen atoms exchanged under native conditions (a global measure of the protein stability under native conditions), as long as the quench conditions are maintained during the sample work-up and measurement. Alternatively, the protein can by digested under the quench conditions using acid-stable protease(s), and LC/MS analysis of masses of individual proteolytic fragments will provide information on the backbone protection of corresponding protein segments under the native conditions. upon digestion of GCase matches within 30 ppm three possible fragments derived from the sequence of this protein. In cases like this an unequivocal identification of the proteolytic fragment in question requires more advanced MS tools, such as ion fragmentation in the gas phase. The fragmentation pattern of the peptide ion (Fig. 5C) exhibits series of abundant b-and y-ions, whose masses are consistent with the sequence of only one of the candidate peptides (incidentally, the best match in MS1 measurements). Definitive identification of peptide fragments can also be carried out using ultra-high accuracy mass measurements with a highresolution MS (e.g., Fourier transform ion cyclotron resonance MS).
Localization of Structural Instability Regions within Stressed Protein Drugs by HDX MS: Influence GCase Oxidation on its Conformation and Dynamics
Several recent reports highlight the power of HDX MS as a tool providing detailed information on changes in conformation and dynamics of recombinant protein therapeutics caused by either non-enzymatic PTMs under stress conditions [10, 26, 51] or engineered PTMs [52] . An example is shown in Fig. (6) , where HDX MS is used to probe local conformational dynamics of intact and oxidized GCase [26] . The uneven distribution of flexibility across the backbone of intact GCase highlights the importance of the delicate balance between protein structure and dynamics. Oxidation clearly shifts this balance by adversely affecting stability of several protein segments. Surprisingly, the segments containing the oxidation sites e.g., 447-456 in Fig. (6) are not affected by the covalent modifications, while several segments that are remote from the modified residues (e.g., 185-209) exhibit noticeable decrease in backbone protection.
A detailed analysis of HDX MS data for the intact and oxidized forms of GCase [26] indicate that the segments whose protection is affected by oxidation tend to form a contiguous cluster on the protein surface Fig. (6B) . This suggests that the greatly diminished activity of GCase caused by extensive oxidation results from the decrease of its conformational stability, while the catalytic function is not affected directly [26] . The gray traces represent isotopic distributions within the same peptide for acid denatured GCase, which allowed for complete exchange (e.g., the maximum level of amide exchange for the peptide) and was analyzed under the same conditions as native GCase. Location of these segments within the crystal structure of GCase is shown in structure A. Oxidationtriggered changes of local backbone amide protection deduced from HDX MS measurements mapped to GCase structure and colored based on HDX (difference between oxidized and intact forms of GCase, exchange time 100 min) are shown in structure B.
Protein Interaction with Physiological Partners and Therapeutic Targets Probed by HDX MS
The preceding section focused on applications of HDX MS that aim at understanding how conformation of recombinant therapeutic proteins is affected by non-enzymatic PTMs under stress conditions or purposefully engineered "designer" PTMs, but the utility of HDX MS in biopharmaceutical analysis extends far beyond the quality control and comparability issues. Nearly a decade ago, Woods et al. pointed out a great potential of this technique in design of small molecule pharmaceuticals, where it can be used for optimizing the drug candidate structure by providing information on structure and dynamics of the binding site at the therapeutic target [53] . The idea of incorporation of MS in the workflow of the discovery and development of protein therapeutics is also beginning to enjoy attention following recent reports that it may aid epitope mapping [54] and, therefore, facilitate rational design of biopharmaceutical products with enhanced binding to therapeutic targets.
An example of using HDX MS to obtain detailed information on how biopharmaceuticals interact with their specific receptors is shown in Fig. (7) , where HDX is used to probe conformational dynamics of Tf alone and in the receptor-bound form. As mentioned earlier, the ability of Tf or any Tf-conjugate drug to enter the cells critically depends on its recognition by the receptor (TfR); therefore, detailed information on Tf/TfR interaction at the molecular level is extremely important for the drug development process. Unfortunately, the large size and the presence of paramagnetic ferric ion (Fe 3+ ) places the Tf/TfR complex out of reach of NMR, while it's dynamic character and high carbohydrate content make acquisition of high-resolution X-ray diffraction data highly problematic, leaving HDX MS as the only technique capable of providing structural information on Tf/TfR interaction.
Indeed, HDX MS readily provides information on involvement of various protein segments in Tf/TfR interaction. For example, two similarly sized peptic fragments of Tf (71-81 and 612-621) whose deuterium content evolution is shown in Fig. (7) represent protein regions with increased backbone mobility in the absence of the receptor. The 612-621 fragment (which maps to a loop region in Tf C-lobe in the crystal structure of the protein) has very low backbone protection, and the other peptide (which maps to a helixloop-strand segment in the N-lobe) exhibits intermediate level of protection. It is important to remember, however, that the data presented in Fig. (7) show the protection levels averaged across the entire lengths of the peptides, and the "intermediate" level of deuterium uptake exhibited by (71-81) may be a result of smearing a very uneven protection pattern across its backbone, a suspicion that is reinforces by the fact that this segment incorporates three distinct structural elements (a helix, a loop and a strand). In cases like this, higher spatial resolution is needed in order to deduce individual contributions of various structural elements to the overall exchange kinetics within the entire segment, which can be achieved either using emerging top-down HDX MS technology [55] or in a more traditional way by analyzing deuterium uptake kinetics within the overlapping peptic fragments [56] . This latter approach allows the entire (71-81) segment to be broken into three parts as colored in the protein structure in Fig. (7) , where the blue-colored part of the -strand shows very high protection level, and the two other segments are more flexible. Further enhancement of special resolution identifies the loop region as the most flexible element within this peptide (Abzalimov, et al. , manuscript in preparation).
The highly uneven distribution of the backbone protection exhibited by the (71-81) segment of Tf is completely eliminated upon binding to the receptor, with the entire peptide becoming highly protected (Fig. 7) . This suggests strong involvement of this flexible loop region in forming the protein/receptor interface. In contrast, the flexible loop in the Clobe of the protein (segment 612-621 discussed earlier) is not affected at all by the Tf/TfR interaction. This type of analysis, particularly in the absence of a reliable crystal structure of a protein drug/ therapeutic target complex will be invaluable in designing new and enhancing existing biopharmaceutical products (e.g., in optimizing conjugation of a payload to a carrier protein).
CONCLUSION: CURRENT CHALLENGES AND FU-TURE DIRECTIONS IN THE FIELD
While biopharmaceutical products cover a wide molecular weight range, a significantly larger fraction of recombinant therapeutic proteins exceed 50 kDa in mass [57] , and even smaller protein drugs are frequently conjugated to polymers in order to increase their physical size and, therefore, enhance their pharmacokinetic profiles [58] . Larger protein systems are more challenging targets for analytical characterization for many reasons, not the least because size increase of a protein drug inevitably translates into higher frequency of non-enzymatic PTMs. Precise mapping of these changes within a large protein is a gargantuan task, and availability of robust, easy-to-use and reasonably highthroughput methods to probe conformational integrity of such large systems directly without the need for exhaustive characterization of their covalent structure would obviously be a boon to the biopharmaceutical industry.
Implementation of both direct ESI MS measurements and HDX MS for conformational analysis of large (>50 kDa) protein drugs faces several challenges. Larger mass and high degree of structural heterogeneity (e.g., due to extensive glycosylation or conjugation to a synthetic polymer) make even protein ion charge state assignment in ESI mass spectra a challenging task, although methods of ion chemistry may provide elegant solutions to this problem [59] . HDX MS measurements of large heterogeneous protein systems are also complicated due to the fact that non-specificity of pepsin cleavage combined with the large physical size of the protein typically results in a large number of fragment peptides, which must be identified in order to extract meaningful HDX information. This problem is magnified by the frequent occurrence of disulfide bonds in protein drugs, which are typically only partially reduced during protein handling prior to MS analysis, thereby multiplying the sheer number of candidate peptides that fit a given mass. Even complete identification of all observed peptic fragments does not necessarily result in complete sequence coverage of a large protein. Indeed, the necessity to minimize the sample handling time Fig. (7) . Left: HDX MS within two segments of Tf in the presence (blue) and the absence (red) of the cognate receptor. The exchange was carried out by diluting the protein stock solution 1:10 in exchange solution (100 mM NH 4 HCO 3 in D 2 O, pH adjusted to 7.4) and incubating for 1 and 10 min followed by rapid quenching (lowering pH to 2.5 and temperature to near 0 o C). The black trace at the bottom of each diagram shows unlabeled protein and the dotted lines represent the end-point of the exchange reaction. Location of these segments in Tf is shown within the context of the low-resolution structure of Tf/TfR [69] . Adapted with permission from [55] .
prior to MS analysis as a means to limit the extent of backexchange typically translates to very short (and, therefore, crowded) LC runs. While MS detection itself (and particularly high-resolution MS) solves the problem of detection of multiple co-eluting peaks, signal suppression is likely to result in loss of some of the peptides, thereby leaving gaps in sequence coverage. Despite these challenges, significant progress was made recently in this field, as demonstrated by successful use of HDX MS to probe conformational properties of protein therapeutics exceeding 50 kDa, such as GCase [26, 60] and monoclonal antibodies [11, 12] .
Ultimately, the success of both direct ESI MS and HDX MS as tools to probe conformation of recombinant therapeutic proteins will be determined by their adaptability to the specific needs of the biopharmaceutical industry. For example, development of high-throughput methods of analysis with complete automation of the entire procedure (from sample handling to data processing) seems to be a key to the general adoption of MS-based methods of conformational analysis. Reproducibility and robustness of these measurements is another issue that needs to be addressed in the near future. The issue of sensitivity as related to detecting small conformational changes and/or alterations of the higher order structure affecting only a small fraction of the protein molecules also awaits careful exploration and evaluation. Addressing these questions will require extensive efforts, but the end result is well worth it. Indeed, adoption of mass spectrometry by the biopharmaceutical industry in this new role will not only become a boon to analytical characterization and quality control, but also greatly catalyze development of new protein-based therapies.
